Intercellular channels of gap junctions are formed in vertebrates by the protein family of connexins and allow direct exchange of ions, metabolites and second messenger molecules between apposed cells (reviewed in [1-3] ). In the mouse, connexin40 (Cx40) protein has been detected in endothelial cells of lung and heart and in certain heart muscle cells: atrial myocytes, cells of the atrial ventricular (AV) node and cells of the conductive myocardium, which conducts impulses from the AV node to ventricular myocyctes [3]. We have generated mice homozygous for targeted disruption of the Cx40 gene (Cx40 -/-mice). The electrocardiograph (ECG) parameters of Cx40 -/-mice were very prolonged compared to those of wild type (Cx40 +/+ ) mice, indicating that Cx40 -/-mice have lower atrial and ventricular conduction velocities. For 6 out of 31 Cx40 -/-animals, different types of atrium-derived abnormalities in cardiac rhythm were recorded, whereas continuous sinus rhythm was observed for the 26 Cx40 +/+ and 30 Cx40 +/-mice tested. The expression levels of other connexins expressed in heart (Cx37, Cx43 and Cx45) were the same in Cx40 -/-and Cx40 +/+ mice. Our results demonstrate the function of Cx40 in the regulation and coordination of heart contraction and show that cardiac arrhythmogenesis can not only be caused by defects in the ion channels primarily involved in cellular excitation but also by defects in intercellular communication through gap junction channels. As the distribution of Cx40 protein is similar in mouse and human hearts, further functional analysis of Cx40 should yield relevant insights into arrhythmogenesis in human patients.
mouse transmitted the disrupted Cx40 allele through the germline, as confirmed by Southern blot and polymerase chain reaction (PCR) analysis (Figure 1b,c) . Genotyping of the progeny after mating of Cx40 +/-mice with mixed C57BL/6 × 129Sv background yielded 27% (38/139) Cx40 +/+ , 54% (75/139) Cx40 +/-and only 19% (26/139) Cx40 -/-mice. Cx40 -/-mice were fertile and had approximately the same body weight as wild-type and Cx40 +/-littermates. Cx40 mRNA was not detected in Cx40 -/-mice and was less abundant in Cx40 +/-mice than in wild-type controls, as assessed in lung and heart using the Del probe shown in Figure 1a for northern blot analyses ( Figure 1d ). No Cx40 protein was detected by immunoblot analysis of preparations from Cx40 -/-lung enriched for gap junctions [4] (Figure 1e ). Using this method, the amount of Cx40 protein found in heterozygous lung was less than half of that in wild-type tissue ( Figure 1e ). As the alkali insolubility method used enriches for large, rather than small, gap junction plaques, we may have lost part of the Cx40 protein during plaque enrichment.
Immunohistochemical analysis using an anti-Cx40 antibody on cryostat sections of coronary vessels and atrium revealed punctate gap junction labelling on contact membranes of the cells in wild-type mice (Figure 2a,g ) but not in Cx40-deficient mice (Figure 2b,h ). As Cx40 is coexpressed with Cx37 in endothelial cells, with Cx43 in atrium and with Cx45 in atrium and conductive myocardium [3] , the viability of Cx40 -/-mice might be due to an increase in the activity of these connexins such that they compensate for the absence of Cx40. Transcript and protein levels of these connexins remained unaltered, however, as revealed by northern blot analysis of Cx37, Cx43 and Cx45 transcripts and immunoblot analysis of Cx43 and Cx45 proteins in Cx40 +/+ , Cx40 +/-and Cx40 -/-hearts as well as lungs (data not shown). The tissue distribution of Cx37, Cx43 and Cx45, analyzed by immunofluorescence, was not different in Cx40-deficient and wild-type heart (Figure 2e ,f,i,j).
We performed ECG recordings -which give information about the heart beat and the rate of impulse conduction through the different regions of the heart -on wild-type, heterozygous and Cx40-deficient mice and measured the parameters defined in Figure 3a . Representative tracings are shown in Figure 3b . No significant differences in the frequency of heart beat were observed for Cx40 +/+ (487 ± 57 beats/min), Cx40 +/-(506 ± 55 beats/min) and Cx40 -/-(461 ± 65 beats/min) mice. Compared to Cx40 +/+ and Cx40 +/-mice, Cx40 -/-mice showed prolonged intervals for all the ECG parameters tested (Table 1 ; P wave, +57%; PQ interval, +18%; QS interval, +46%; and QT max interval, +50%). The P wave represents depolarization of the atrium, the PQ interval represents atrioventricular conduction, QS as well as QR intervals represent ventricular depolarization and the QT interval represents depolarization as well as repolarization of the ventricle. Thus, our data suggest that Cx40 is relevant to normal atrial, atrioventricular and ventricular conduction velocities in the mouse. The hypothesis that myocytes connected via Cx40 channels may conduct action potentials more rapidly than cells connected by Cx43 channels [3, 5, 6 ] is confirmed by our data. In addition to their prolonged ECG parameters, 6 out of 31 Cx40-deficient mice examined displayed disturbances of pulse generation and/or sinoatrial and AV pulse propagation (Figure 3c-h) , whereas no arrhythmias were found in the 26 Cx40 +/+ and 30 Cx40 +/-mice examined. One Cx40 -/-mouse showed high frequency intra-atrial re-entrant tachycardia. Thus, we conclude that Cx40 deficiency can be an important factor for arrhythmogenesis in the mouse.
In contrast to our results, in the accompanying report, Simon et al. [7] describe less extensive P-wave prolongation in their Cx40-deficient mice and no arrhythmias. Whereas differences of the P-wave length could be explained by differences in the definition of this parameter (see Figure 3a) , the occurrence of arrhythmias might be influenced by differences in the mixed 129Sv/C57BL/6 genetic background of the mice investigated.
In humans, there are conflicting results about the expression of Cx40 in the AV node, the bundle branches and the Purkinje fibers of conductive myocardium, but it has been confirmed that Cx40 is expressed in the atrium and His bundle [8, 9] . In patients with severe heart failure or myocardial hypertrophy, the distribution and abundance of Cx43 protein have been shown to be altered [10] and our results suggest that some patients with high-degree atrioventricular block and/or bundle branch block may lack functional Cx40 protein. Thus, further comparison of the functions and expression patterns of Cx40 in mouse and human heart may lead to an advance in the understanding of arrhythmogenesis in human patients.
Materials and methods

Targeted disruption of mouse Cx40 gene
A mouse 129/Sv genomic library (Stratagene) was screened with mouse Cx40 cDNA [4] . The 5′ genomic 2.4 kb Hind III-NheI fragment and the 3′ genomic 5.1 kb NcoI fragment were cloned into a vector containing a PGKneo cassette and a PGK (HSV) TK cassette as shown in Figure 1 . J1 embryonic stem cells [11] , harbouring the correctly targeted allele, were injected into C57BL/6 mouse blastocysts. Chimeric males were bred with C57BL/6 females to yield germline transmission of the targeted allele. All analyses were done on littermates generated by interbreeding heterozygous Cx40-defective animals. 
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Northern blot hybridisation
Total RNA from adult tissues was collected using Trizol TM (Gibco BRL) according to the manufacturers' protocol and 20 µg each were electrophoresed and blotted on Hybond-N membrane (Amersham). Hybridization was performed using Quick Hyb R hybridisation solution (Stratagene) at 68°C. Filter washing and autoradiography were performed as described [12] .
Southern blot analysis and PCR
Targeted embryonic stem cell clones and transgenic mice were analyzed by XbaI digestion of genomic DNA. After Southern blot hybridization, the external (Ext) probe (data not shown) and the internal (Int) probe recognized a 6.2 kb XbaI fragment of the targeted allele versus a 7.0 kb fragment of the wild-type allele (Figure 1a,b) . A three-primer PCR analysis on mouse tail DNA was performed using the following primers: 5′-ATCAGGATGATCTGGACGAAGAGCATCAGG-3′ as 5′ primer for the recombinant locus, 5′-CAACACCTATGTCTGCAC-CATTCTGATCCG-3′ as 5′ primer for the wild-type locus and 5′-TACTCTGGCTTCTGGCTATAGTGCATGTGG-3′ as 3′ primer for both loci.
Protein isolation, immunoblot analysis and immunohistochemistry
Gap junction plaques were enriched by an alkali procedure [4] and subjected to standard immunoblot analysis using affinity purified rabbit anti-Cx40 [5] , rabbit anti-Cx43 [5] and rabbit anti-Cx45 [13] antibodies, followed by incubation with 125 I-labelled protein A and autoradiography. Organs were frozen on dry ice. Frozen serial sections of 6 µm were fixed in absolute ethanol (-20°C) and immunolabelled with rabbit anti-Cx37 [13] , rabbit anti-Cx40, rabbit anti-Cx43 or rabbit anti-Cx45 antibodies. Immunocomplexes were visualized using di-chlorotriacinylfluorescein (DTAF)-conjugated goat anti rabbit IgG (DIANOVA). For double immunofluorescence analysis, monoclonal rat anti-PECAM (Pharmingen) was added to anti-Cx40-Ig or anti-Cx37-Ig, respectively, and lissamine rhodamine (LRSC)-conjugated goat anti-rat IgG (DIANOVA) was added in the visualization step.
Electrocardiographic recordings
Mice were mildly anaesthesized by intraperitoneal injection of Avertin (Sigma; 1.25%, 0.02 ml per gram body weight). Electrodes were clipped cutaneously at each of the four limbs. Simultaneous six-lead ECG recordings were performed. The ECG amplifier sampled with a rate of 4 kHz. The data were stored at an optical disk (Bard Stamp TM Amplifier; Bard LabSystem Plus EP laboratory). P wave, PQ interval and QT interval were calculated by determining the earliest onset and the latest offset times from three simultaneously recorded surface leads. QR, QS and QT max intervals were calculated from ECG tracings as displayed schematically in Figure 3a by measuring the onset time of the QRS complex and the maximum/minimum time of the R, and T waves. All values were expressed as the mean ± standard deviation. For statistical analysis, multivariate ANOVA with Scheffé's subgroup testing were performed. A p value < 0.05 was considered significant.
